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Edited by Julian SchroederAbstract The human NF-X1 protein and homologous proteins
in eukaryotes represent a class of transcription factors which
are characterised by NF-X1 type zinc ﬁnger motifs. The Arabid-
opsis genome encodes two NF-X1 homologs, which we termed
AtNFXL1 and AtNFXL2. Growth and survival was impaired
in atnfxl1 knock-out mutants and AtNFXL1-antisense plants
under salt stress in comparison to wild-type plants. In contrast,
35S;AtNFXL1 plants showed higher survival rates. The
AtNFXL2 protein potentially plays an antagonistic role. The
Arabidopsis NF-X1 type zinc ﬁnger proteins likely are part of
regulatory mechanisms, which protect major processes such as
photosynthesis.
 2006 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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Homologs of the human NF-X1 protein [1] have been iden-
tiﬁed in various eukaryotic species. The common feature of
these proteins is the cysteine-rich region, which comprises a
variable number of repeated motifs. These motifs are deﬁned
as NF-X1 type zinc ﬁnger motifs. The human NF-X1 protein
binds to cis-acting elements termed X-boxes in promoters of
the human MHC class II genes, and functions as a repressor
of gene expression. Subsequent studies extended the biological
signiﬁcance of the human NF-X1 protein. Two splice variants
were identiﬁed with identical N termini and variant C termini
[2]. The short variant binds a putative X-box in the promoter
of the hTERT gene encoding a subunit of a telomerase, and
functions as a transcriptional repressor of hTERT. The long
variant potentially functions as coactivator [2]. The Drosophila
homolog of NF-X1, STC, is a nuclear protein and expressed
during oogenesis and embryogenesis [3,4]. FAP1, the yeast
NF-X1 homolog, confers resistance to the immunosuppressive
drug rapamycin [5]. The physiological roles of NF-X1 homo-
logs in plants are hitherto unknown. In this article, we provide
evidence for a role of the AtNFXL1 and AtNFXL2 (Arabidop-
sis NF-X Like 1 and 2) proteins in salt and drought stress re-
sponses.*Corresponding author. Fax: +49 331 567 8250.
E-mail address: muessig@rz.uni-potsdam.de (C. Mu¨ssig).
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2.1. Subtractive cDNA cloning and isolation of full-length cDNAs
The AtNFXL1 cDNA was identiﬁed in a subtractive cDNA cloning
approach (described in [6]). The full-length AtNFXL1 cDNA and two
AtNFXL2 splice variants were ampliﬁed from RACE-libraries (Gene-
Racer kit, Invitrogen, Karlsruhe, Germany).2.2. Screen for atnfxl1 and atnfxl2 mutants
The SALK line N501399 [7] carried a T-DNA insertion in the coding
sequence of the AtNFXL1 gene and was termed atnfxl1-1. An addi-
tional mutant was obtained from the collection in Szeged (A097-
4EA-Km; http://www.szbk.u-szeged.hu/~arabidop/T-DNA.html; [8])
and termed atnfxl1-2. The atnfxl1-1 and atnfxl1-2 mutants displayed
identical phenotypic changes. The SALK line N640301 [7] was termed
atnfxl2-1 and carried a T-DNA insertion which aﬀected both the short
and long splice variant of the AtNFXL2 gene (Supplementary Mate-
rial, Fig. S1).2.3. Establishment of transgenic lines
The AtNFXL1 cDNA was cloned into the pK2GW7 (for sense over-
expression) and pK2WG7 vector (for antisense overexpression)
[9]. The resulting constructs were termed 35S;AtNFXL1 and
AtNFXL1-antisense. The AtNFXL2-antisense construct was estab-
lished using the pBinAR vector. An AtNFXL1 promoter-GUS fusion
was established using the pBI101.3 vector. The constructs were
transformed into Arabidopsis Col-0 plants using the ﬂoral-dip method.
In order to establish a GFP-AtNFXL1 fusion, the AtNFXL1 coding
sequence was cloned into the pK7WGF2 vector [9]. Transforma-
tion of onion epidermis cells was carried out using the Biolistic
PDS-1000/He Particle Delivery System (Biorad, Mu¨nchen, Germany).
Cloning procedures are described in detail in Supplementary
Material.2.4. Growth conditions and stress treatments
Plants were grown in one-half concentrated Murashige and Skoog
medium supplemented with 1% Suc and solidiﬁed with 0.7% agar.
PEG400 and 24-epibrassinolide (CID-tech Research Inc., Cambridge,
ON) were added to the medium as indicated in the text. All samples
contained the same amount of solvent (i.e. EtOH). After two to three
days in a cold room (4 C), plants were transferred into a growth
chamber with 16-h day (140 lmol m2 s1, 22 C)/8-h night (22 C) re-
gime and grown in a randomized manner. Plants were harvested 19 ± 1
days after sowing. Roots were discarded.
Plants were established in soil under long-day conditions for growth
experiments, DAB staining, and chlorophyll ﬂuorescence measure-
ments (16 h of ﬂuorescent light, 180 or 250 lmol m2 s1, 20 C,
60% relative humidity/8 h of dark, 16 C, 75% relative humidity).
All plants were grown in the same chamber at the same time in a ran-
domized manner. Seedlings were transferred into high light conditions
and treated with NaCl, PEG400, and mannitol as indicated in the
text. Above ground organs were used for all measurements.2.5. DAB staining, chlorophyll ﬂuorescence measurements
The production of H2O2 was imaged in plant material inﬁltrated
with 3,3-diaminobenzidine [10]. Fv/Fm ratios were determined with ablished by Elsevier B.V. All rights reserved.
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30 min dark adaptation and 1 s saturating light pulse.
2.6. Real-time RT-PCR
DNA-free total RNA was extracted using the NucleoSpin RNA
Plant kit (Macherey-Nagel, Du¨ren, Germany). cDNA synthesis, con-
trol for contamination with genomic DNA, and real-time RT-PCR
was performed as previously described [11]. Gene speciﬁc primers were
as follows: eIF1a_fw 5 0 TTG ACA GGC GTT CTG GTA AGG 3 0,
eIF1a_rev 5 0 CAG CGT CAC CAT TCT TCA AAA A 3 0,
AtNFXL1_fw 5 0 GCC TCG TCT TTC CAC AAA TCT T
3 0, AtNFXL1_rev 5 0 TGG ATG CCA TTT TGG AGA TTG 3 0,
RAB18_fw 5 0 GGC TTG GGA GGA ATG CTT CA 3 0, RAB18_rev
5 0 CGC TTG AGC TTG ACC AGA CT 3 0 (At5g66400), COR15A_fw
5 0 GAG AAA GCT GCG GCG TAT GT 3 0, COR15A_rev 5 0 TTTFig. 1. Localization of GFP-AtNFXL1 fusion protein in onion epidermis cell
(D, E, F) GFP-AtNFXL1. The scale bar represents 100 lm. (A, D) Detection
cells. (C, F) Detection of nuclei by 4 0,6-diamidino-2-phenylindole (DAPI) st
Fig. 2. Analysis of AtNFXL1 gene expression in diﬀerent plant organs. (A)
plant organs. Higher bars indicate higher transcript levels. A diﬀerence of one
replicates. (B–G) Histochemical staining of transgenic plants carrying the A
conﬁrmed in independent lines. (B, C) Flowers. (D) Silique. (E) Mature roseACC CTC CGC GAA CTC TG 3 0 (At2g42540), COR47_fw 5 0 TCA
CCA GCT GTC ACG TCC AC 5 0, COR47_rev 5 0 ACT GGA AGC
TCC GTC GTA GG 3 0(At1g20440, RD17), KIN1_fw 5 0 CTG GAG
CTG GAG CAC AAC AG 3 0, KIN1_rev 5 0 TCC CAA ATT TGA
CCC GAA TC 3 0 (At5g15960), KIN2_fw 5 0 GTA TAT CGG ATG
CGG CAG TG 3 0, KIN2_rev 5 0 CCC AAA GTT GAC TCG GAT
CG 3 0 (At5g15970), RD29A_fw 5 0 TCA ACA CAC ACC AGC
AGC AC 3 0, RD29A_rev 5 0 TGC TCA TGC TCA TTG CTT TG
3 0 (At5g52310, COR87), RD29B_fw 5 0 GAC GAG CAA GAC CCA
GAA GT 3 0, RD29B_rev 5 0 CCG TTA CAC CAC CTC TCA CG
3 0 (At5g52300), RD22_fw 5 0 AAT GGC GAT TCG TCT TCC TC
3 0, and RD22_rev 5 0 CTC CAA TAA CGC TCC GGT GT 3 0
(At5g25610). Single eIF1a CT values were subtracted from average
eIF1a CT values of all reactions. Respective diﬀerences were subtracted
from CT values of the genes of interest. Subsequently, diﬀerences weres. A NLS-GFP construct was used as control [18]. (A, B, C) NLS-GFP.
of ﬂuorescence (green color). (B, E) Bright ﬁeld images of the analyzed
aining (blue color).
Real-time RT-PCR analysis of AtNFXL1 transcript levels in diﬀerent
cycle indicates a fold change of two. Error bars: S.E. of three technical
tNFXL1 promoter-uidA reporter construct. Expression patterns were
tte leaf. (F) Seedling. (G) Root tip.
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not aﬀected after BR-treatments and under osmotic and salt stress con-
ditions (data not shown).3. Results
3.1. NF-X1 homologs in Arabidopsis
The AtNFXL1 gene was identiﬁed as a brassinosteroid
(BR)-responsive gene in a subtractive cDNA cloning ap-
proach [6]. The 4.2 kb full-length cDNA was isolated using
a 5 0-RACE library. The transcribed region of AtNFXL1 car-
ries a 384 bp intron in the 5 0 UTR (Supplementary Material,
Fig. S1). The predicted AtNFXL1 protein is characterized by
nine NF-X1 type zinc ﬁnger motifs and presumably forms a
N-terminal PHD ﬁnger [11,12] (Fig. S1). Two splice variants
were identiﬁed for the second NF-X1 homolog termed
AtNFXL2-78 and AtNFXL2-100 (Supplementary Material,
Fig. S1). The PHD-ﬁngers, the NF-X1 type zinc ﬁngers, and
putative nuclear localisation sequences suggest that the
proteins function as transcriptional regulators. A GFP-
AtNFXL1 fusion protein was expressed in onion epidermis
cells. In line with its putative function as transcriptional reg-
ulator, the AtNFXL1 protein directs the green ﬂuorescent
protein to the nucleus (Fig. 1 and Supplementary Material,
Fig. S2).Fig. 3. Analysis of AtNFXL1 transcript levels in response to stress and
brassinosteroid. (A) Real-time RT-PCR analysis of AtNFXL1 tran-
script levels in shoots of 18 d old plants grown under aseptic
conditions. The medium was supplemented with PEG400 and 24-
epibrassinolide as indicated. Higher bars indicate higher transcript
levels. Error bars: S.E. of three technical replicates. (B) Real-time RT-
PCR analysis of AtNFXL1 transcript levels in 18 d old cbb1, cbb2, and
cbb3 mutants [14] grown under aseptic conditions. Error bars: S.E. of
three technical replicates.3.2. AtNFXL1 expression patterns
Real-time RT-PCR analyses revealed AtNFXL1 expression
in several organs (Fig. 2A). Tissue speciﬁc expression was
analyzed in more detail using an AtNFXL1 promotor-uidA re-
porter gene construct. In line with the RT-PCR data, b-glucu-
ronidase (GUS) activity was detected in most organs.
Expression in ﬂowers was most prominent in ovaries and sepals
(Fig. 2B, C). No GUS activity was detected in developing seeds
(Fig. 2D). Root tips showed high GUS activity (Fig. 2F, G).
Publicly available expression proﬁles (Supplementary Mate-
rial, Fig. S3) and published data [13] indicated higherAtNFXL1
transcript levels in roots after NaCl treatments and after appli-
cation of 300 mMmannitol. Real-time RT-PCR experiments of
PEG400 treated plants revealed stronger AtNFXL1 expression
in shoots under stress (Fig. 3A). In agreement with the identiﬁ-
cation of the AtNFXL1 gene in a screen for BR-up-regulated
genes, BR-application resulted in elevated AtNFXL1 mRNA
levels (Fig. 3A). Osmotic stress and BR resulted in an additive
stimulation of AtNFXL1 gene expression (Fig. 3A). The eﬀects
of BR-treatments and osmotic stress were conﬁrmed in three
independent experiments. BR-deﬁcient mutants such as cbb1
and cbb3 (which are allelic to dim and cpd [14]), and the BR-
insensitive mutant cbb2 (which is allelic to bri1 [14]) showed re-
duced transcript levels (Fig. 3B).3.3. AtNFXL1 promotes growth under salt and osmotic stress
Under favourable growth conditions, plants with altered
AtNFXL1 or AtNFXL2 expression neither showed morpholog-
ical alterations, nor altered growth rates, nor altered seed set.
Fresh and dry weight of soil grown plants corresponded to
wild-type values (Supplementary Material, Table S1). Induc-
tion of AtNFXL1 gene expression under salt and osmotic stress
suggested a role of the AtNFXL1 protein under these condi-
tions. We tested growth of the atnfxl1-1 mutant after treat-ments with NaCl, PEG400, and mannitol. The mutant
showed reduced biomass production (Table 1). Introduction
of the 35S;AtNFXL1 construct into the atnfxl1-1 mutant
normalized growth (Table 1). We then combined salt stress
and high light stress and tested survival rates of various geno-
types. 35S;AtNFXL1 lines, the atnfxl2-1 mutant, and
AtNFXL2-antisense plants showed higher survival rates in
comparison to the wild-type (Fig. 4). In contrast, atnfxl1-1
knock-out and AtNFXL1-antisense plants displayed reduced
survival rates (Fig. 4).
Transcript levels of eight salt-inducible genes were analyzed
in plants grown under high light and salt stress in soil by means
of real-time RT-PCR. The COR15A, KIN1, RAB18, RD29A,
and RD29B genes showed weaker expression in the atnfxl1-1
mutant and/or stronger expression in 35S;AtNFXL1 and
atnfxl2-1 plants in comparison to the wild-type (Table 2).
Thus, expression of a subset of stress response genes was pos-
itively associated with AtNFXL1 expression, and was up-regu-
lated in the absence of the AtNFXL2 gene products. The data
suggest that the AtNFXL1 and AtNFXL2 proteins may cause
antagonistic eﬀects on the gene expression level. Increased
expression of these genes likely contributes to increased stress
tolerance of 35S;AtNFXL1 and atnfxl2-1 plants.
Table 1













300 mM NaCl WT 100 334 32 1.00 100 56 5 1.00
atnfxl1 81 272 25 0.13 79 45 4 0.09
atnfxl1-compl 98 327 29 0.87 100 56 5 0.97
262 mM PEG400 WT 100 526 24 1.00 100 141 7 1.00
atnfxl1 82 431 31 0.02 85 119 8 0.06
atnfxl1-compl 95 497 61 0.64 96 136 16 0.74
300 mM mannitol WT 100 248 23 1.00 100 51 5 1.00
atnfxl1 70 173 20 0.03 59 32 4 0.01
atnfxl1-compl 95 236 24 0.68 91 49 3 0.70
Plants were grown in soil under low light (180 lmol m2 s1). Ten days old plants were treated with 300 mM NaCl, 262 mM PEG400, or 300 mM
mannitol. After 20 days under stress fresh and dry weight of at least 10 plants per genotype was determined. Genotypes: atnfxl1, atnfxl1-1 knock-out
mutant; atnfxl1-compl, atnfxl1-1 knock-out mutant carrying the 35S;AtNFXL1 construct. The P-values were obtained using an unpaired two-tailed
Student’s t-test.
Fig. 4. Survival under salt stress and high light. Seedlings were
established under medium light conditions (250 lmol m2 s1). Eigh-
teen days old seedlings (approximately 30 plants per genotype) were
transferred into a high light growth chamber (500 lmol m2 s1) and
normally watered for three days. Then plants were poured two to three
times per week with a 300 mM NaCl solution and survival rates were
determined after 10 days under stress when wild-type plants showed a
survival rate of approximately 50%. Data sets of three experiments
were normalized to a survival rate of the wild-type of exactly 50.0%
(therefore, no error bar is shown for the wild-type). All genotypes
(except the complemented atnfxl1 mutant) were diﬀerent from the
wild-type (P-value < 0.03 in an unpaired two-tailed t-test for all
genotypes, except for the atnfxl2-1 mutant [P-value = 0.10]). Geno-
types: nfxl1, atnfxl1-1 knock-out mutant; nfxl2, atnfxl2-1 knock-out
mutant; NFXL1-x-as, AtNFXL1-antisense line # x; NFXL2-x-as,
AtNFXL2-antisense line # x; 35S;NFXL1-x, 35S;AtNFXL1 line #
x; nfxl1-compl, atnfxl1-1 knock-out mutant carrying the 35S;
AtNFXL1 construct.
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Salt and drought stress impair photosynthesis. Photoinhibi-
tion of photosynthesis mirrors damage to the photosynthetic
apparatus. Changes in chlorophyll ﬂuorescence parameters
are diagnostic indicators of photoinhibition. Under normal
growth conditions, ﬂuorescence parameters of atnfxl1-1,
atnfxl2-1, AtNFXL1-antisense, AtNFXL2-antisense, and
35S;AtNFXL1 plants were comparable to the wild-type
(Fig. 5). However, the Fv/Fm ratio was decreased in the
atnfxl1-1 mutant and AtNFXL1-antisense plants under stress
(Fig. 5). 35S;AtNFXL1 plants, the atnfxl2-1 mutant, and
AtNFXL2-antisense plants showed higher Fv/Fm ratios(Fig. 5). These ﬁndings suggest that the AtNFXL1 protein im-
proves the physiological status of plants. An AtNFXL2 gene
product appears to play an opposite regulatory role.3.5. AtNFXL1 expression gives rise to H2O2 production
Reactive oxygen species such as H2O2 can exacerbate cellu-
lar damage during stress, but also function as signalling com-
pounds in plants. Production of H2O2 was imaged in rosette
leaves of unstressed plants inﬁltrated with 3,3-diaminobenzi-
dine (DAB [10]). The atnfxl1-1 mutant displayed reduced
staining and 35S;AtNFXL1 plants displayed stronger stain-
ing in comparison to wild-type plants (Fig. 6). In line with
the abovementioned opposite eﬀects of the AtNFXL1 and
AtNFXL2 proteins on growth, survival, and Fv/Fm, the
atnfxl2-1 mutant resembled 35S;AtNFXL1 plants and dis-
played stronger staining in comparison to the wild-type
(Fig. 6). Thus, the AtNFXL1 protein enhanced H2O2 produc-
tion and an AtNFXL2 gene product lowered H2O2 produc-
tion. Elevated H2O2 levels in the unstressed 35S;AtNFXL1,
atnfxl2-1, and AtNFXL2-antisense plants did not reﬂect oxida-
tive damage, because the plants showed normal Fv/Fm ratios
(Fig. 5) and normal biomass production (Table S1). Altered
H2O2 levels may indicate that AtNFXL1 and AtNFXL2 mod-
ulate H2O2 signalling.4. Discussion
4.1. NF-X1 type zinc ﬁnger proteins in Arabidopsis
The Arabidopsis AtNFXL1 and AtNFXL2 proteins are
characterized by NF-X1 type zinc ﬁngers, which potentially
mediate DNA binding, and PHD ﬁnger motifs, which poten-
tially mediate protein interactions. The AtNFXL1 protein is
part of a regulatory mechanism, which improves the physio-
logical status of plants and supports growth and survival under
stress. Plants with reduced AtNFXL2 expression resembled
plants with elevated AtNFXL1 expression, suggesting that
the AtNFXL1 and AtNFXL2 genes play antagonistic roles in
stress responses. However, two AtNFXL2 splice variants were
identiﬁed and the present data do not allow discrimination of
the functions of both proteins.
The BR-responsive expression of the AtNFXL1 gene indi-
cates a mechanism through which BR may modify salt stress
responses. Enhanced resistance of BR-treated plants to tem-
Table 2
Transcript levels of stress response genes
Gene WT atnfxl1 atnfxl1-compl 35S;NFXL1 atnfxl2
40  DCT S.E. 40  DCT S.E. 40  DCT S.E. 40  DCT S.E. 40  DCT S.E.
AtNFXL1 7.6 0.03 0.0 0.00 7.8 0.04 9.0 0.00 7.5 0.06
COR15A 16.1 0.02 15.0 0.05 15.9 0.13 16.9 0.13 17.2 0.16
KIN1 18.6 0.09 17.3 0.12 18.1 0.06 19.0 0.08 19.1 0.18
KIN2 18.9 0.09 18.5 0.02 18.8 0.06 19.7 0.16 19.5 0.31
RAB18 17.9 0.12 16.8 0.03 17.8 0.14 19.0 0.11 18.5 0.20
COR47 17.6 0.08 17.2 0.06 17.9 0.08 18.6 0.04 17.6 0.03
RD22 15.9 0.00 15.8 0.07 15.6 0.21 16.0 0.13 15.9 0.03
RD29A 12.2 0.02 12.8 0.07 11.7 0.08 14.1 0.02 13.8 0.07
RD29B 14.9 0.02 14.9 0.09 14.7 0.03 16.4 0.04 16.9 0.03
Plants were grown under salt stress and high light as described in legend of Fig. 4. Above ground organs of surviving plants were harvested and
subjected to real-time RT-PCR analysis. Higher numbers indicate higher transcript levels (see Section 2). A diﬀerence of one cycle indicates a fold
change of two. Genotypes: atnfxl1, atnfxl1-1 knock-out mutant; atnfxl1-compl, atnfxl1-1 knock-out mutant carrying the 35S;AtNFXL1 construct;
atnfxl2, atnfxl2-1 knock-out mutant; 35S;AtNFXL1, AtNFXL1 overexpressing line # 20.
Fig. 5. Chlorophyll ﬂuorescence measurements. Fv/Fm was determined
in rosette leaves of 28 d old plants. Plants were grown in soil under
medium light intensity (250 lmol m2 s1) and either watered or
treated with 300 mM NaCl. Error bars: S.E. (approximately 20 plants
per genotype). Genotypes: see Fig. 4.
Fig. 6. Imaging of H2O2 production. (A) Plants were grown in soil.
Rosette leaves of 28 d old plants were inﬁltrated with 3,3-diamino-
benzidine (DAB). Formation of brown polymerisation product indi-
cates H2O2 formation [10]. (B) Assay of H2O2 production. Plants were
grown under aseptic conditions. Fourteen days old seedlings were
subjected to DAB staining. Plant material was ground after staining.
The polymerisation product was extracted with water. Optical density
of the diluted extract was determined (595 nm wavelength). Error bars:
S.E. (of at least 10 plants per genotype). Genotypes: see Fig. 4.
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tal stresses was reported [15–17]. Under stress, BR may not
(only) activate responses usually discussed for growth promo-
tion such as cell wall loosening and carbohydrate partitioning.
BR may confer additional adaptations. H2O2 serves as stress
signal and modiﬁes activity of protein kinases, transcription
factors, and Ca2+ channels. The AtNFXL1 protein potentially
links BR action to H2O2 production.
Presumably, further stress-induced factors are necessary for
DNA binding and protein interactions of the AtNFXL1 pro-
tein. The absence of additional factors may prohibit
AtNFXL1 action and induction of stress response programs
in unstressed plants. An AtNFXL2 gene product may suppress
stress responses and may mediate prevention of unnecessary
and costly stress adaptation under favourable conditions.
Deactivation of AtNFXL2 action then could be inevitable
for proper stress responses. Current work addresses the phys-
iological basis of improved growth and survival under stress,
interacting proteins and genomic targets of the AtNFXL1 pro-
tein, and expression patterns and physiological roles of the
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